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SUMMARY 
Problem 
Data on the functional sensitivity of the nervous system to ionizing 
radiation and magnetic fields suggest caution in prolonged human exposure 
to similar environments. Unfortunately, the conditions investigated are 
also characteristic of those expected during a space flight. Studies 
are thus needed to determine the nature and mechanism(s) of the nervous 
system's reactions to these and other factors, and to investiqate the 
degree to which the astronaut's performance capabilities may be affected. 
Such knowledge would also prove helpful in determinim protection stan- 
dards for occupationally exposed personnel and in me'dical research. 
Proposed areas for continued research are described below. 
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PREFACE 
Th i s  r e p o r t  i s  t h e  f i r s t  of a series on L i f e  Support  i n  Tlnusual 
Environments, p repared  under NASA q r a n t  NC-R 22-009-312, under t h e  super -  
v i s i o n  of P ro f .  L. R .  Younn of t h e  Massachuset ts  I n s t i t u t e  of Technoloav. 
I t  i s  n o t  i n t ended  t o  be a s tudv  i n  dep th ,  b u t  r a t h e r  a brief 
review of t h e  e f f e c t s  of r a d i a t i o n  and magnetic f ields on t h e  nervous 
system. Our q o a l  i s  t o  p o i n t  o u t  t o  NASA and t h e  enqineerinm academic 
communitv major r roblem areas s u i t a b l e  f o r  crraduate l e v e l  r e s e a r c h  and 
b r i n g  t o  bea r  on t h e  h io technologv F i e l d  t h e  i n v e s t j a a t i v e  and creative 
e f f o r t s  of e n a i n e e r i n a  and Inedical %hooIs. 
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t o r v ,  and Doctors  D .  W. Moeller and J. B. L i t t l e  of t h e  Harvard School 
of P u b l i c  Heal th ,  f o r  t h e i r  h e l p f u l  c m v e n t s  i n  rev iewina  t h e  r a p e r .  
Measurement and 
Protection 
1. 
2. 
3 .  
4. 
5. 
6. 
7.  
8. 
Possible effectiveness and mechanism of 
pharmacological protection of CNS 
Perfection of solar flare prediction 
methods 
--
Development of pulsed magnetic shield- 
ing 
Development of methods for predicting 
relative radiosensitivity f- 
selection 
-
Dosimetry techniques for continuous mon 
itorinu of dose, dose rate and dose 
distribution 
Accurate determination of maqnetic 
environment -- in the spacecraft 
Accurate measurement of local masnetic 
fields at proposed landinq sites -
Simulations of expected radiation and 
magnetic conditions to study effects 
on animals 
I. INTRODUCTION 
I n  s tudy ing  t h e  behavior  of human o r  animal organisms i n  t h e  pre-  
sence of unusual  environmental  f a c t o r s ,  t h e  r e a c t i o n  of t h e  nervous 
system i s  perhaps t h e  most impor tan t .  Any d i s tu rbance  i n  t h e  usua l  
func t ion  of t h e  nervous system w i l l  r e s u l t  i n  changes i n  t h e  o t h e r  
system s ta tes ,  s i n c e  it is  t h e  c e n t r a l  c o n t r o l l e r  and coord ina to r  of 
a l l  systems i n  t h e  body. I t  i s  thus  of v i t a l  i n t e r e s t  t o  determine 
and understand t h e  i n f l u e n c e  of va r ious  parameters  on t h e  nervous sys- 
t e m ,  i n  o r d e r  t o  d i s t i n g u i s h  t h e  r e s u l t i n g  changes t in  o t h e r  systems of 
t h e  body from those  d i r e c t l y  caused by t h e  environment. 
The nervous system i s  u s u a l l y d i v i d e d ,  f o r  convenience, i n t o  a cen- 
t r a l  nervous system ( b r a i n  and s p i n a l  cord)  and a p e r i p h e r a l  nervous 
system ( p e r i p h e r a l  nerves.! I t  corsisLs of two types  of cel ls ,  neurons 
+ ( o r  nerve cel ls)  and suppor t ing  e l e m e n t s  c a l l e d  neu rog l i a  ( o r  g l i a l  
ce l l s . )  I n  t h e  p e r i p h e r a l  nervous system, t h e  nerve f i b e r s  run i n  bun- 
d l e s  c a l l e d  nerves ;  a l l  f i b e r s  have suppor t ing  neurilemmal shea ths  and 
sometimes a l s o  i n s u l a t i n g  myelin s h e a t h s .  I n  t h e  c e n t r a l  nervous sys-  
t e m ,  t h e  f i b e r s  may a l s o  have myelin s h e a t h s ,  whi le  t h e  suppor t ing  and 
i n s u l a t i n g  r o l e  about  nerve ce l l  bodies  i s  now f i l l e d  by t h e  neu rog l i a .  
The capac i ty  of t h e  nervous system t o  recover  o r  r egene ra t e  a f t e r  d i s -  
ease o r  i n j u r y  i s  d i f f e r e n t  i n  i t s  p e r i p h e r a l  and c e n t r a l  p o r t i o n s .  I f  
a p e r i p h e r a l  nerve i s  d i v i d e d ,  new f i b e r s  may grow o u t  from t h e  cen t ra l  
stump only if t h e  two c u t  s u r f a c e s  a r e  approximated. On t h e  o t h e r  hand, 
i n  t h e  c e n t r a l  nervous system only a b o r t i v e  a t tempts  a t  recovery are ob- 
served  and new f i b e r s  are never formed. I n  o t h e r  words, l e s i o n s  t h a t  
k i l l  nerve c e l l  bodies  ( n i c r o s i s )  o r  t r a n s e c t  nerve f i b e r s  are perma- 
nen t  , whi le  recovery i s  p o s s i b l e  i f  t h e r e ' s  only p a r t i a l  damage (e .g .  
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from p r e s s u r e  on a f i b e r . )  
W e  w i l l  cons ide r  h e r e  t h e  e f f e c t s  of i o n i z i n g  r a d i a t i o n  and magne- 
t i c  f i e l d s  on t h e  i n t e g r i t y  and f u n c t i o n a l  l eve l  of t h e  nervous system. 
P rophy lac t i c  and monitor ing measures w i l l  be  d i scussed  t o  d e s c r i b e  pos- 
s ib l e  means of p r o t e c t i n g  t h e  nervous system from d e t r i m e n t a l  v a r i a b l e s .  
11. I O N I Z I N G  RADIATION 
11.1 Units  and B i o l o g i c a l  Dosage: 
I n  e v a l u a t i n g  t h e  b i o l o g i c a l  e f f e c t s  of r a d i a t i o n ,  t h e  g r e a t e s t  
problem l ies  i n  t h e  d i v e r s i t y  of t h e  r e a c t i o n s  exh ib i t ed  by d i f f e r e n t  
systems a f t e r  exposure t o  t h e  same dose < i n  r a d s )  of  r a d i a t i o n .  Fur-  
t h e r ,  t h e  same dose of d i f f e r e n t  types  of  r a d i a t i o n  w i l l  produce v a r i -  
a n t  e f f e c t s  on t h e  same sample. To q u a n t i f y  t h e s e  v a r i a n t  e f f e c t s ,  t h e  
concept of t h e  r e l a t i v e  b i o l o g i c a l  e f f e c t i v e n e s s  (RBE) of a r a d i a t i o n  
was in t roduced ,  where 
dose ( r a d s )  of 250 kV Xrays f o r  a c e r t a i n  e f f e c t  
dose ( r a d s )  of o t h e r  r a d i a t i o n  f o r  same e f f e c t  RBE = 
where one r ad  r e p r e s e n t s  an abso rp t ion  of 1 0 0  e rgs  of energy pe r  gram. 
Unfor tuna te ly ,  even t h e  RBE f a c t o r  may be v a r i a n t  f o r  any given type  of  
r a d i a t i o n  (e .g .  p ro tons )  changing wi th  t h e  dose  l e v e l ,  dose rate and 
depth ,  l i n e a r  energy t r a n s f e r  ( L E T ) ,  i n i t i a l  system s t a t e  and b i o l o g i c a l  
e f f e c t  chosen. The LET va lue  i t s e l f  i s  p r o p o r t i o n a l  t o  t h e  square  of 
t h e  charge on t h e  p a r t i c l e  and i n v e r s e l y  p r o p o r t i o n a l  t o  i t s  v e l o c i t y  
(Ref. 3 3 ) .  By n e c e s s i t y ,  t h e  RBE va lues  of r a d i a t i o n s  f o r  man must be 
es t imated  from measurements on whole body i r r a d i a t i o n  of cells ,  p l a n t s  
and animals ,  o r  a c c i d e n t a l  a c u t e  human exposures .  Such experiments 
have shown t h a t  t h e  RBE of a r a d i a t i o n  i s  d i r e c t l y  r e l a t e d  t o  i t s  LET 
i n  t h e  system (see Table  1.) 
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TABLE 1 
Typica l  = E ' s  i n  Mammalian C e l l s  
Radia t ion  
130-730 MeV pro tons  
LET (keV/u ) 
0.3-0.7 
hard y and X-rays 0 .2-0 .4  
s o f t  y and X-rays -3.0 
910 MeV a p a r t i c l e s ,  
B p a r t i c l e s ,  
neutrons 
5 MeV a p a r t i c l e s  2-5 x l o 2  
5 . 7  MeV 4 0 A r  i ons  - 1 9 . 4  x l o 2  
RBE -
0.6-0.8 ( r e f .  53) 
<1 ( r e f .  1 8  , 53) 
1 
-1 ( r e f .  33) 
-1-2 ( r e f .  33)  
-2-5 ( r e f .  33)  
-5-10 ( r e f  33) 
- 2  ( r e f .  33) 
The RBE f a c t o r  i s  i m p r a c t i c a l  i n  r a d i a t i o n  p r o t e c t i o n  and dose 
p r e d i c t i o n  s t u d i e s .  I t  i s  always determined exper imenta l ly  and v a r i e s  
wi th  too  many f a c t o r s .  Fur ther ,  t h e  above r e s u l t s  a r e  u s u a l l y  d e t e r -  
mined us ing  acu te  h igh  l e v e l  doses ,  w i th  less emphasis on -- low l e v e l  
chronic  doses .  These l a s t  s t u d i e s  now appear t o  be  t h e  most important  
f o r  t h e  CNS as  w i l l  be seen  i n  s e c t i o n  2.3. 
H e r e  w e  a r e  concerned wi th  p r e d i c t i n g  t h e  expected e f f e c t i v e  do- 
sage  t o  t h e  CNS i n  v a r i o u s  r a d i a t i o n  environments.  I n  t h i s  c a s e ,  t h e  
expected e f f e c t i v e  dose o r  dose e q u i v a l e n t  ( D E ) ,  i n  r e m s ,  is  numer ica l ly  
equal  t o  t h e  product  of t h e  absorbed dose ( D ) ,  i n  r a d s ,  w i th  t h e  q u a l i t y  
f a c t o r  (QF) , d i s t r i b u t i o n  f a c t o r  ( D F )  and any o t h e r  r e l e v a n t  f a c t o r s  of 
t h e  r a d i a t i o n  (Ref.  56) 
DE ( r e m s )  = D ( r a d s )  QF. D F .  ... 
The abovementioned f a c t o r s  a r e  ass igned  on t h e  b a s i s  of many con- 
s i d e r a t i o n s ;  t h e  QF depending on t h e  LET, t h e  DF on t h e  geometr ic  d i s -  
t r i b u t i o n  of t h e  dose ,  etc.  The DE can thus  be made t o  t a k e  i n t o  ac- 
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count the physical characteristics of the radiation, and the rate and 
spatial distribution of the dose in the body. 
For example, in the case of low energy electrons (e.g., in belts) it 
is sufficient to calcululate their surface dose and consider the effect on 
skin or eyes; in any case, they are easily shielded. On the other hand, 
protons form the major portion of galactic, solar and belt radiation, 
ranging widely in energies and mean free paths (see Table 2). 
TABLE 2 
Proton Mean Free Paths in Tissue Behind 1 gm/cm2 (Ref. 22) 
Energy (MeV) 
10 
20 
200 
Mean Free Path (cm) 
0.124 
2.250 
25.800 
Thus in calculating the expected dosage from proton radiation, at 
low energies it is sufficient to consider the surface dose, but at higher 
energies, the particles' LET increases as it slows down in the tissue, 
generating secondary high LET radiation and increasing the required QF. 
In these cases it may be necessary to consider the average tissue or depth 
dose (at the end of path), as the case may be, and probably limit exposure 
according to damage to the hemotopoietic or genetic organs, or the CNS. 
It is difficult to extend this dose concept to low flux heavy energe- 
tic ionized particles (cosmic rays), which are capable of producing tracks 
251.1 in diameter, several mm. long. The ''dose'' is concentrated in the core 
of the track, and can reach several thousand rads, decreasing to less than 
1.5% of this at the perimeter, This type of radiation can be especially 
dangerous in the CNS, where even a mean free path of a few mm. can cause 
destruction of vital cells. 
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The above cons ide ra t ions  u s u a l l y  l e a d  t o  t h e  fo l lowing  maximum per- 
m i s s i b l e  dose va lues ,  (see Table  3) where t h e  allowed average dose ( p e r  
man) dec reases  as t h e  f r a c t i o n  of t h e  popula t ion  exposed i n c r e a s e s .  Ac- 
c ep tab le  emergency dose l e v e l s  are given t o g e t h e r  w i t h  t h e  c u r r e n t l y  a l -  
lowed l e v e l s  
Remarks 
populat ion-  
genera 1 
popu 1 a t  i on- 
i n d i  v i  du a 1 
occupat iona l  
a s t r o n a u t  
LD50 
* N = age i n  
of t o t a l  i n t e g r a t e d  dose.  
TABLE 3 
Proposed Maximum Permiss ib l e  Dose Levels 
(Ref. 1 8 ,  3 2 ,  4 0 ,  42)  
Organ Average 
( r m a n )  
g e n e t i c  5/30 
g e n e t i c  .5 
gene t i c  5.0 
1) g e n e t i c  55.0 
2 )  hemoto- 55.0 
3)  s k i n  350.0 
4 )  e x t r e m i t i e s  770 .0  
5)  eyes 54.0 
p o i e t i c  
whole body 
years  of i n d i v i d u a l  
25 
200 
700 
9 80 
200 
500 
5 (N-18) * 
200 
270 
1600 
4000  
270 
N o  va lue ,  excep t  f o r  t h e  eyes ,  can be  o f f e r e d  f o r  t h e  CNS s i n c e  
such s t u d i e s  a r e  n o t  y e t  completed. Many more i r r a d i a t i o n  experiments 
are r e q u i r e d  t o  a c c u r a t e l y  measure LET and RBE va lues  of d i f f e r e n t  t ypes  
of  r a d i a t i o n  i n  nervous t i s s u e .  Only t h e n  can t h e  QF and o t h e r  f a c t o r s  
be ass igned  p rope r ly  t o  d e f i n e  expected and dangerous DE l e v e l s  f o r  t h e  
CNS . 
- 5- 
1 1 . 2  Sources and Phys ica l  Dosage: 
During h i s  evo lu t iona ry  development, man has  always bee  exposed t o  
both i n t e r n a l  and e x t e r n a l  i r r a d i a t i o n .  I n t e r n a l  r a d i a t i o n  exposure can 
r e s u l t  from t h e  i n g e s t i o n  of r a d i o a c t i v e  m a t e r i a l s  w i t h  food,  o r  t h e  i n -  
h a l a t i o n  of  i s o t o p e s  i n  t h e  atmosphere. Na tu ra l  background r a d i a t i o n  
exposure i s  due t o  cosmic r ays  f i l t e r e d  by t h e  atmosphere and t h e  pre-  
sence of-radioact ive n u c l e i  i n  t h e  e a r t h ' s  c r u s t .  Thus t h e  t o t a l  dose 
caused by both i n t e r n a l  and e x t e r n a l  i r r a d i a t i o n  w i l l  vary wi th  a l t i -  
t ude ,  l a t i t u d e  and l o c a l i t y  on t h e  e a r t h .  However, it is always l i m i t e d  
t o  a few hundreds of m i l l i r e m s  and, s i n c e  man has  evolved i n  i t s  pre-  
s e n c e ,  it w i l l  n o t  be d i scussed  f u r t h e r ,  excep t  a s  a r e fe rence  t o  d e t e r -  
mine acceptab le  long-term exposure l e v e l s  from o t h e r  sources  ( R e f .  32 ,  
40.)  
Other more dangerous sources  of  r a d i a t i o n  exposure are now man- 
made X-ray machines and nuc lea r  f i s s i o n  equipment, used f o r  i n d u s t r i a l ,  
medical and research purposes.  Current  p r o t e c t i v e  measures u s u a l l y  l i m -  
it t h e  g e n e t i c a l l y  s i g n i f i c a n t d o s e  t o  t h e  popula t ion  from these  sources  
t o  approximately 50 mrem/year ( R e f .  32 . )  The major n a t u r a l  sources  of 
r a d i a t i o n  i n  t h i s  ga laxy ,  t o  which some men may today be exposed, are 
s o l a r  f l a r e s ,  g a l a c t i c  cosmic r ays  (beyond t h e  e a r t h ' s  atmosphere) and 
t rapped  p a r t i c l e s  i n  t h e  e a r t h ' s  ( o r  o t h e r  p l a n e t ' s )  magnetic f i e l d .  
The g a l a c t i c  cosmic r a d i a t i o n  appears t o  o r i g i n a t e  o u t s i d e  t h e  
s o l a r  system and a r r i v e s  i s o t r o p i c a l l y .  I t  c o n s i s t s  mainly of charged 
atomic n u c l e i  s t r i p p e d  of t h e i r  p l a n e t a r y  e l e c t r o n s ,  wi th  ene rg ie s  
ranging from 102-101* MeV. 
protons and a lpha  p a r t i c l e s ,  a t  t h e  r a t e  of approximately fou r  p a r t i -  
cles/cm -sec, though they  c o n t r i b u t e  only roughly 60% t o  t h e  t o t a l  
Almost 99% of  t h i s  r a d i a t i o n  c o n s i s t s  of 
2 
dose,  t h e  remaining p a r t  being provided by h e a v i e r  p a r t i c l e s .  T h e  low- 
er energy p a r t i c l e s  are d e f l e c t e d  away from t h e  earth dur ing  s o l a r  
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f l a r e s ,  r educ ing  t h e  dosage by a lmost  50%. Most of t h i s  cosmic r a d i a t i o n  
is  f i l t e r e d  o u t  by t h e  E a r t h ' s  atmosphere,  and i n  space  it on ly  c o n t r i -  
bu te s  5 - 1 2  rad /year  t o  t h e  expected p h y s i c a l  dose.  Phys ica l  sh ie ld ina-  
of even 1 0  gm/cm2 does n o t  s i g n i f i c a n t l y  a f f e c t  t h e  expected dosase  i n  
deep space ,  due t o  t h e  l a r g e  e n e r g i e s  i'nvolved. (Ref.  1 8 ,  2 2 ,  25, 33, 
57) 
I n  a d d i t i o n  t o  t h e  c o n s t a n t  stream of cosmic p a r t i c l e s ,  s o l a r  f l a r e s  
e jec t  tremendous amounts of i o n i z i n g  p a r t i c l e s  i n t o  space .  The s o l a r  
f l a r e  p a r t i c l e s  c o n s i s t  l a r g e l y  of p ro tons  and some e l e c t r o n s ,  sometimes 
a l s o  i n c l u d i n g  a lpha  p a r t i c l e s  and r a r e l y  heav ie r  n u c l e i .  The p ro tons  
account  f o r  more than  80% of  t h e  f l u x  on an energy pe r  nucleon b a s i s ,  
r each ing  i n t e g r a l  f l u x e s  ( >  1 0  MeV) as h i a h  a s  lo1' part . /cm2 f o r  t h e  
l a r g e r  f l a r e s .  The frequency o f  s o l a r  f l a r e s  t ends  t o  follow 11 year 
c y c l e s ,  c o r r e l a t e d  wi th  s o l a r  a c t i v i t v :  d u r i n s  s o l a r  maxima, a dozen 
o r  more major f l a r e s  may be observed,  wh i l e  on ly  a few f l a r e s  may be  
observed d u r i n g  t h e  s o l a r  minima. The dose  r a t e  i n  space  r e s u l t i n q  from 
high  i n t e n s i t y  f l a r e s  may be as much as 3 X lo4 rad /hr  w i t h  an in tes ra ted  
dose  from 5 0 0  - 1 0 0 0  rads. A s  much as  1 2  qm/cm2 of s h i e l d i n g  material  
would be r e q u i r e d  t o  reduce  t h i s  i n t ea - r a l  dose  t o  - 40 rem. ( R e f .  2 0 ,  
25, 2 6 ,  51, 57, 58) 
Futhermore, t h e  E a r t h ' s  d i p o l a r  magnetic f i e l d  has  t rapped  i o n i z e d  
p a r t i c l e s  (mainly p ro tons  and e l e c t r o n s )  i n t o  two h iph  energv zones cen- 
t e r e d  on t h e  magnetic equa to r ,  t h e  Van A l l e n  b e l t s .  The f i r s t  i n n e r  
Van A l l e n  b e l t  l i es  a t  a l t i t u d e s  between 500 and 2500 m i l e s  above t h e  
e a r t h ,  a t  l a t i t u d e s  less than  20  deg. I t  c o n s i s t s  mainly of  lo6 - lo1' 
eV pro tons  w i t h  a f l u x  of -lo4 part . /cm2-sec,  and 20-60 keV e l e c t r o n s  
wi th  a f l u x  of  roughly lo9 part . /cm2-sec.  The dosage t o  be  expected from 
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such hard radiation is of the order of 500  rad/sec and is only reduced to 
10-100 rad/hr with 4 gm/cm2 of shielding (Ref. 11, 42) e The intensity of 
this belt is stable with time and is probably due to the decay of neutrons 
from cosmic-ray induced nuclear disintegrations in the atmosphere, trap- 
ping the resulting e- and p+ in the geomagnetic field (Ref. 11, 57) . 
The outer Van Allen belt is almost exclusively composed of low 
6 energy high flux electrons, (lo4 - 10 
lies at latitudes between - + 40'. 
double during solar flares and it is thus thought to be the result of 
solar gas trapped and accelerated in the geomagnetic field. The dose 
rate which can be received in this belt is as much as 4 x lo4 rad/sec 
but the 'soft' nature of this radiation makes it easy to stop: 4 gm/cm 
of shielding reduces the dose to less than 1 radjhr (Ref. 11, 20, 25) . 
eV, lo8 - 10l1 part/cm2-sec). It 
The depth of this belt can almost 
2 
The radiation dose below these belts is usually negligible: excep- 
tions are the soft auroral radiation in northern latitudes and the more 
dangerous levels in the South Atlantic anomaly. Because the magnetic 
center of the Earth is displaced from its geographic center, the particle 
fluxes are largest over the South Atlantic Ocean ( -  30 deg. south 
latitude, 15 deg. west longitude) than anywhere else at the same alti- 
tude. The expected dosage at approximately 200 km can be as much as 1/10 
rad/hr . 
11.3 Effects on the Nervous System 
As was seen previously, the maximum permissible body dose is usually 
limited by the radiation exposure of the genetic or hematopoietic organs. 
The nervous system has long been considered highly radio-resistant and 
its exposure was not thought to be a limiting factor. However, as will 
be discussed below, the nervous system's function is quite radio-sensi- 
tive and this might very well be in the future an important consideration 
in the determination of maximum levels of exposure for astronauts, if 
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t hey  are  t o  remain men ta l ly  a l e r t  and e f f i c i e n t .  
The i n t e g r i t y  of ne rve  cel ls  i n  t h e  c e n t r a l  nervous system (CNS) 
and p e r i p h e r a l  nervous system (PNS)is h i g h l v  r a d i o - r e s i s t a n t  s i n c e  sev- 
eral  thousands r a d s  of loca l  r a d i a t i o n  exposure are r e q u i r e d  t o  k i l l  them. 
A man would be  l e t h a l l y  i n j u r e d  long  b e f o r e  such levels are  reached i n  
t h e  CNS i f  t h e  i r r a d i a t i o n  w e r e  over  t h e  whole body. For  example, a 
25 micron ( - cosmic r a y  t r a c k )  beam of 22  MeV deu te rons  requires  a dose  
t o  mouse b r a i n  t i s s u e  of over  500,000 r a d s  t o  k i l l  on ly  nerve c e l l  bodies  
w i t h i n  2 4  days;  i n  t h i s  case t h e  ne rve  f i b e r s  are n o t  des t roved  and t h e r e  
i s  no permanent vascular  damage (Ref.  50, 54, 5 5 ) .  
--
Morphological s t u d i e s  a l so  i n d i c a t e  t h a t  i n c r e a s i n s  t h e  beam 
diameter  t o  1 mm, d e c r e a s e s  t h e  r e q u i r e d  dose  f o r  t o t a l  t i s s u e  n e c r o s i s  
t o  1 0 , 0 0 0  - 3 0 , 0 0 0  r a d s ,  dependin? on t h e  animal ( R e f .  54, 5 5 ) .  Asain 
t h e  t o t a l  n e c r o s i s  occur s  w i t h i n  2 4  days,  on ly  i n  t h e  l a s t  p a r t  of t h e  
1 . 5  mm t r a c k .  With f u r t h e r  i n c r e a s e  of t h e  h igh  enerqv p a r t i c l e  beam 
diameter ,  a few thousand r a d s  of r a d i a t i o n  are s u f f i c i e n t  t o  s e l e c t i v e l y  
cause  v a s c u l a r  damage and nerve n e c r o s i s  a t  t h e  end of t h e  t r a c k  in ca t  
b r a i n  t i s s u e  (Ref.  3 6 ) .  This  appa ren t  i n v e r s e  r e l a t i o n s h i p  between 
CNS r a d i o s e n s i t i v i t y  and t i s s u e  volume exposed i s  probably due t o  t h e  
decreased  p r o b a b i l i t y  of v a s c u l a r  damage as  t h e  beam is  narrowed: as 
v a s c u l a r  damage i s  dec reased ,  t h e  ne rve  ce l l s  must t hen  be k i l l e d  d i r -  -
e c t l y  by t h e  r a d i a t i o n ,  which i n c r e a s e s  t h e  r e q u i r e d  dose level .  
The p e r i p h e r a l  nerve f i b e r s  are even more r a d i o r e s i s t a n t  t han  t h e  
CNS. Over 1 0 , 0 0 0  r a d s  of  l o c a l  i r r a d i a t i o n  are  r e q u i r e d  t o  produce l a t e  
degene ra t ion  ( i n  approximately 1 y e a r )  and more than  50,000 r a d s  f o r  
e a r l y  and i r r e v e r s i b l e  suppres s ion  of  t h e  a c t i o n  p o t e n t i a l  ( R e f .  1 9 ,  5 0 ) .  
However, as l i t t l e  as  2 0 0  r a d s  i r r a d i a t i o n  can r e s u l t  i n  n u c l e a r  abnor- 
mal i t ies ,  l a s t i n g  a t  l eas t  6 months, and caus inq  impaired r e p a i r  a f t e r  
any subsequent  p h y s i c a l  damaqe (Ref.  1 4 ) .  I n  a l l  t h e  above mentioned 
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casesp t h e  dose  ra te  i s  n o t  an impor tan t  f a c t o r  and has no appa ren t  
effect ,  as l ea s t  a t  these h igh  doses .  
The e f f e c t s  of  such  h igh  l e v e l  doses  on t h e  CNS and PNS are 
extremely impor t an t  s i n c e  they  are used i n  s t e r e o t a x i c  r ad iosu rqe rv ,  f o r  
bo th  t h e r a p e u t i c  and p h y s i o l o g i c a l  s t u d i e s ,  and may a l s o  r e s u l t  from 
human exposure t o  h igh  enerqv cosmic r a y  p a r t i c l e s ,  s o l a r  f l a r e s ,  o r  
a c c i d e n t s  w i t h  r a d i a t i o n  equipment. However, t h e  e f f e c t  of low dose  
p r e d i c t a b l e  r a d i a t i o n  ( e .g . ,  occupa t iona l )  on human nervous t i s s u e  now 
appears  t o  be a l s o  of g r e a t  importance.  
A t  lower dose  levels ,  (up t o  a f e w  hundred r a d s )  thouqh there i s  no 
k i l l i n g  of nerve  ce l l s ,  there i s  now evidence  of  d i s t u r b a n c e s  i n  t h e  
f u n c t i o n a l  a c t i v i t y  of t h e  nervous system i n  an imals .  Changes i n  t h e  
c o n d i t i o n a l  r e f l e x e s  and EEG a c t i v i t y  of r a b b i t s  occur  wi th  as l i t t l e  as 
a few r a d s  i r r a d i a t i o n  ( R e f .  4 2 ) .  Da i ly  l o c a l  i r r a d i a t i o n  of  mal iqnant  
tumors i n  t h e  nasopharynx of human p a t i e n t s  w i t h  a f e w  hundred r a d s  
produces a t r a n s i e n t  i n c r e a s e  i n  t h e  level  of CNS e x c i t a b i l i t y :  
i nc reased  f l i c k e r  f u s i o n  frequency and decreased  r e a c t i o n  t i m e s  ( R e f .  
1 6 ) .  Though p e r i p h e r a l  nerve  f i b e r s  are h i q h l y  r a d i o - r e s i s t a n t ,  t h e  
f u n c t i o n  o f  s y n a p t i c  areas i s  much more s e n s i t i v e :  f o r  example, 1 0  r a d s  
of X-ray exposure t o  t h e  eye w i l l  decrease v i s u a l  t h r e s h o l d s  ( R e f .  5 0 ) .  
These o b s e r v a t i o n s  p o i n t  t o  t h e  h igh  r a d i o - s e n s i t i v i t y  of t he  f u n c t i o n a l  
s t a t e  of t h e  CNS. 
Comparative s t u d i e s  on t h e  effects  of low dose  whole bodv i r r a d i a -  
t i o n  of mice w i t h  d i f f e r e n t  t y p e s  of r a d i a t i o n  g i v e  i n t e r e s t i n g  r e s u l t s .  
I t  appears  t h a t  an a c u t e  dose  of as l i t t l e  as 25 r a d s  of Co60 qamma r a y s  
o r  1.25 MeV neu t rons  s i g n i f i c a n t l y  a f f e c t s  t h e  condi t ioned  r e f l e x  
i n d i c e s  of  these mice. At t enua t ion  of t h e  s t i m u l a t i o n  p rocesses  
( i n c r e a s e d  l a t e n t  p e r i o d  and number of e x t i n c t i o n s )  was observed ,  t h e  
-10- 
neut ron  r a d i a t i o n  be ing  most e f f e c t i v e ,  Also,  i n  d i f f e r e n t i a l  condi- 
t i o n e d  r e f l e x e s p  t h e  gamma i r r a d i a t i o n  caused d i s i n h i b i t i o n  of  d i f f e r -  
e n t i a t i o n  (decreased  l a t e n t  p e r i o d ) ,  w h i l e  t h e  neut ron  i r r a d i a t i o n  i n t e n -  
s i f i e d  t h e  d i f f e r e n t i a t i o n ,  p robably  through summation of cond i t ioned  and 
p r o t e c t i v e  i n h i b i t i o n  ( R e f .  3 0 ) .  I n v e s t i g a t i o n s  w i t h  l a r g e r  doses  pro- 
duced s imilar  though more i n t e n s e  r e a c t i o n s .  S t u d i e s  w i t h  5 MeV p ro ton  
i r r a d i a t i o n  r e s u l t e d  i n  p a r a l l e l  b u t  weaker r e s u l t s ,  compared w i t h  t h e  
gamma r a d i a t i o n .  I t  w a s  concluded t h a t  neut ron ,  gamma and pro ton  i r r a d -  
i a t i o n ,  i n  t h a t  o r d e r ,  a f f e c t  bo th  t h e  e x c i t a t i o n  and i n h i b i t i o n  pro- 
cesses i n  t h e  CNS o f  m i c e :  t h e  neu t rons ,  and t o  a lesser e x t e n t  t h e  
gamma r a d i a t i o n ,  d i s r u p t  mainly t he  e x c i t a t i o n  p rocesses  wh i l e  t h e  pro-  
t o n s  d i s r u p t  mainly t h e  i n h i b i t i o n  p r o c e s s e s ,  
nes s  of these r a d i a t i o n s ,  p e r t a i n i n s  t o  condi t ioned  r e f l e x  s t u d i e s ,  
c o r r e l a t e s  w e l l  w i t h  their  LET and t h e r e f o r e  w i t h  t h e  chanqes i n  hema- 
t o l o g i c a l  i n d i c e s  they  occas ion .  
- 
The observed effective- 
The mechanism(s) of t h e  r a d i o l o g i c a l  a c t i o n s  on t h e  CNS i s  n o t  very 
w e l l  known. Some i n v e s t i g a t o r s  have shown t h a t  r a d i a t i o n  exposure imme- 
d i a t e l y  d e c r e a s e s  t h e  0 2  consumption ( R e f .  35) and blood f low ( R e f .  2 9 )  
i n  r a t  b r a i n s ,  w i t h  no rma l i za t ion  i n  a few days .  Furthermore,  i r r a -  
d i a t i n g  t h e  cerebe l lum of  guinea picrs w i t h  8000 - 9000 r a d s  of X-rays 
dec reases  t h e  gamma amino b u t y r i c  a c i d  c o n c e n t r a t i o n  of t h e  cerebe l lum,  
p a r a l l e l  t o  t h e  i n c r e a s e d  motor d i s o r d e r s  l e a d i n g  t o  death ( R e f .  3 9 ) .  
However, there s t i l l  remains t o  de te rmine  which, i f  any, of t h e  above 
obse rva t ions  r e p r e s e n t  a d i r e c t  e f fec t  of r a d i a t i o n  and which are  s implv 
secondary t o  it. 
An impor t an t  q u e s t i o n  i s  whether t h e  f u n c t i o n a l  t o l e r a n c e  of ner -  
vous t i s s u e  t o  r a d i a t i o n  exposure might n o t  b e  inc reased  i f  it were 
adminis te red  a t  low dose  ra tes .  Most p h y s i o l o q i c a l  systems can s u s t a i n  
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safely large doses of radiation if given in a period of days or.weeks, 
where the same dose could be lethal if given in a few minutes; this is 
the role of the time factor in the QF of a radiation, Unfortunatelv, 
such experiments on the C N S  of animals show an indifferent or even 
increased radiosensitivity with decreased dose rate, for low dose levels 
up to a few hundred rads (Ref. 37). For example, whole body irradiation 
of dogs with 250-700 rads of 510 MeV protons resulted in the greatest 
dystrophic changes in the CNS and P N S  when the dose was applied over a 
period of a few weeks as opposed to within a few minutes (Ref. 12). 
Similarly, gamma irradiation of male guinea pigs in doses up to 500 rads 
was most effective when administered chronically, according to the result- 
ing change in the indices of the electromyographic characteristics of the 
vestibular tonic reflex (Ref. 2, 3 ) .  Thus at dose levels below 1000 rads, 
where the hematological damage in the CNS does not dominate, it appears 
that chronic exposures are more danaerous than acute ones. Lengthenins 
the exposure time enhances the chances of damaqinq low redundancy func- 
tional units, without giving the benefit of an increased repair period 
(as opposed to highly reproductive genetic or hematological systems.) 
On the other hand, lethal whole body irradiation with thousands of rads 
is most effective if administered acutely. Here the damaqe to the CNS 
is mainly through the failing hematopoietic system. 
Though we are now aware of the high radiosensitivity of the func- 
tional state of the C N S  in animals, the question ark25 whether any such 
changes in man would be important enough to affect his performance at 
the low permissible doses which do endanger his immediate health and 
comfort. Further studies of low dose long term effects on his life 
span, vision, muscular coordination, etco, are required to evaluate the 
danger. 
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11.4 P r o t e c t i o n  and Monitorina Techniuues: 
The f i r s t  s t e p  i n  i n s u r i n g  good c r e w  performance i n  t h e  presence of 
r a d i a t i o n  would be t o  select those  c r e w  members who are expected t o  be t h e  
least  r a d i o s e n s i t i v e .  Unfor tuna te ly ,  there a r e  p r a c t i c a l l y  no methods 
f o r  p r e d i c t i n g  r a d i o - s e n s i t i v i t y ,  on ly  h y p o t h e t i c a l  op in ions .  One method 
might be t o  s tudy  t h e  r e a c t i o n  t o  i r r a d i a t i o n  of an  autogenous c e l l  cu l -  
t u r e  of t h e  man i n  ques t ion  ( R e f .  2 2 ) .  Poss ib ly ,  through roentgenous 
copy, w e  could t a k e  advantage of t h e  f a c t  t h a t  a smal l  dose of r a d i a t i o n  
can change t h e  b i o e l e c t r i c  a c t i v i t y  of t h e  b r a i n .  The animals i n  which 
t h i s  r e a c t i o n  has been observed appear  less r a d i o - s e n s i t i v e  (Ref.  44), 
and f u r t h e r  work might be warranted t o  s tudy  i t s  p p s s i b l e  ex tens ion  t o  
human r e a c t i o n s .  
Pharmacological means have been i n v e s t i g a t e d  f o r  many yea r s  and o f f e r  
t h e  hope of chemical ly  p r o t e c t i n g  man from harmful i r r a d i a t i o n  effects,  i f  
given p r i o r  t o  exposure.  T h e i r  mode of a c t i o n  i s  no t  always very  w e l l  
understood though they  appear t o  create t i s s u e  anoxia o r  provide free 
r a d i c a l s  f o r  combination w i t h  dangerous ions  produced by t h e  i r r a d i a t i o n .  
Many drugs such a s  s e r o t o n i n  o r  cystamine have been verv s u c c e s s f u l  i n  
animal experiments b u t  u n f o r t u n a t e l y  so  f a r  prove t o x i c  t o  man i n  t h e  
r equ i r ed  dosage ( R e f .  1, 1 8 ,  5 3 ) .  Another drug has a verv low t o x i c i t v ,  
even t o  man, when a p p l i e d  t o p i c a l l y  on t h e  sk in :  dimethyl s u l f o x i d e  
(DMSO) has  proven up t o  7 0 %  e f f e c t i v e  i n  p r o t e c t i n g  m i c e  from an LDS0 of 
X-rays, i f  app l i ed  t o p i c a l l y  on t h e  an ima l s '  t a i l  p r i o r  t o  i r r a d i a t i o n  
(Ref. 5 9 ) .  T h e  most e f f e c t i v e  p r o t e c t i o n  may w e l l  be  a combination of 
low doses  of such drugs .  Much work remains t o  be done t o  determine the  
q u a n t i t a t i v e  e f f e c t s  of such chemical agen t s  and t h e  exac t  dosaqe and 
methods of a p p l i c a t i o n  r equ i r ed .  Radiopro tec t ion  i s  most important  for 
t h e  CNS where t h e r e  i s  no p o s s i b l e  replacement of k i l l e d  cells .  
~ ~~ ~~ ~ ~- 
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F u r t h e r  p r o t e c t i o n ,  o r  p reven t ion  of dangerous i r r a d i a t i o n  exposure 
can be  ob ta ined  by p l ann ing  t r i p s  i n  p e r i o d s  of r e l a t ive  s o l a r  minima,  
u s i n g  p r e d i c t i v e  t echn iques .  So f a r  t h e  a v a i l a b l e  methods on ly  a l low f o r  
f l a r e  p r e d i c t i o n  w i t h i n  2 o r  3 days w i t h  a 75% accuracy (Ref.  5 1 ) .  Good 
o p e r a t i o n a l  f o r e c a s t i n g  (several days  o r  weeks) needs t o  be developed t o  
p l a n  f l i g h t  s chedu les  s a f e l y  and t h e  s h o r t  range  ( s e v e r a l  hour s )  methods 
p e r f e c t e d  t o  g i v e  t h e  a s t r o n a u t s  t i m e ,  i n  f l i g h t  t o  p repa re  f o r  l i k e l y  
" i o n i z a t i o n  s torms" (Ref.  3 8 ,  4 6 ) .  Once good p r e d i c t i v e  f a c i l i t i e s  are 
a v a i l a b l e ,  a s i m u l a t i o n  of t h e  expected r a d i a t i o n  c o n d i t i o n s  on a f l i q h t  
( e .g . ,  t o  t h e  moon and back)  can  be e f f e c t e d  t o  s tudy  probable  dose  and 
dose  r a t e  e f f e c t s  on an imals  ( R e f .  4 1 ,  5 1 ) .  
T h e  r e s u l t i n g  o b s e r v a t i o n s  can b9 ,used  as q u i d e l i n e s  f o r  t h e  r e q u i r e d  
l e v e l s  of  p h y s i c a l  s h i e l d i n g ,  bo th  s t anda rd  and emergency, t o  l i m i t  t h e  
dosage t o  t h e  g e n e t i c  organs  t o  55 rems/yr i n  t h e  s p a c e c r a f t  ( R e f .  2 6 ) .  
A maximum p e r m i s s i b l e  dosage l e v e l  f o r  t h e  CNS should be eva lua ted ,  as 
it might t u r n  o u t  t o  be even less t h a n  t h a t  f o r  t h e  g e n e t i c  organs .  
Poss ib ly  t h e  on ly  method of de t e rmin ing  t h i s  level  w i l l  be t o  monitor  
a c c u r a t e l y  t he  long  t e r m  dosage t o  a s t r o n a u t s  and e v a l u a t e  p e r i o d i c a l l y  
t h e i r  cerebral f u n c t i o n s  w i t h  a p p r o p r i a t e  tests.  I n t e n s i v e  o b s e r v a t i o n  
and exper imenta t ion  should  a l s o  be implemented upon t h e i r  r e t u r n  t o  E a r t h .  
C a r e f u l  dos imet ry  and o b s e r v a t i o n  of r a d i a t i o n  equipment o p e r a t o r s  should  
obvious ly  be  made as  t h e y  form an ideal  popu la t ion  t o  s tudv  loncr t e r m ,  l o w  
dose  and dose  ra te  e f f e c t s  of r a d i a t i o n  on t h e  nervous system. 
Many t y p e s  of r a d i a t i o n  dos imet ry  are a v a i l a b l e ,  some p h y s i c a l ,  
o t h e r s  chemical. Among these thermoluminescent and f i l m  dos ime te r s  w i l l  
g i v e  an i n d i c a t i o n  of t h e  p h y s i c a l  s u r f a c e  dose  a t  t h e i r  l o c a t i o n .  The 
average absorbed body dose  can be  r e l a t e d  t o  t h e  presence  of subs t ances  
c o n t a i n i n g  deoxyr ibose  i n  t h e  u r i n e ,  or t o  t h e  immunological s t a t e  of t h e  
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organism ( s k i n  m i c r o f l o r a ,  phagocyt ic  a c t i v i t y  of t h e  neutrophykes,  e t c . ) ,  
Whole body coun t ing  can be used upon r e t u r n  t o  E a r t h ,  Also  t h e  composi- 
t i o n  of t h e  p e r i p h e r a l  blood,  i f  monitored d a i l y ,  g i v e s  an i d e a  of t h e  
dose  absorbed by t h e  hemato logica l  system. I n  o r d e r  t o  de te rmine  t h e  
d o s e - e f f e c t  r e l a t i o n s  fo r  t h e  CNS,  good s u r f a c e  and depth  dose  measure- 
ment and a n a l y s i s  t echn iques  should be provided s i n c e  t h e  s p a t i a l  d i s t r i -  
b u t i o n  of t h e  r a d i a t i o n  dosage on t h e  body q r e a t l y  a f f e c t s  i t s  system 
r e a c t i o n s .  
F i n a l l y ,  ano the r  p o s s i b l e  means of extendincr p r o t e c t i o n  t o  a s t r o -  
nau t s  would be  t o  envelop t h e  s p a c e c r a f t  w i t h  a magnetic f i e l d ,  d e f l e c t -  
i n g  any dangerous r a d i a t i o n  away from i t s  occupants .  However, much work 
remains t o  be done t o  de te rmine  t h e  b i o l o g i c a l  effects  of such magnetic 
f i e l d s  and t h e i r  r e q u i r e d  method of o p e r a t i o n ,  t h a t  i s ,  cont inuous o r  
pu lsed  i n  emergencies.  
11.5 Conclusioz ana Recommendations: 
Animal experiments  have shown t h a t  t h e  CNS i s  f u n c t i o n a l l y  r ad io -  
s e n s i t i v e  a t  doses  as  low as  2 5  r a d s ,  and t h a t  t h e  degree  of t h i s  s e n s i -  
t i v i t y  may even be  i n c r e a s e d  i f  t h e  dose  r a t e  i s  decreased .  F u r t h e r  
s t u d i e s  are  needed t o  e v a l u a t e  t h e  maximum p e r m i s s i b l e  dose  t o  t h e  CNS ----
by 
1. E x t r a p o l a t i o n  from more animal  experiments  ( e .g . ,  monkeys) e 
2 .  Accura te  dos imet ry  and o b s e r v a t i o n  of r a d i a t i o n  personnel  and 
a s t r o n a u t s .  
Known p r o t e c t i v e  measures should t h e n  be p e r f e c t e d  and implemented, 
- 
i n c l u d i n g  
1. Pharmacological  p r o t e c t i o n  of  t h e  CNS. 
2 .  R e l i a b l e  o p e r a t i o n a l  (a f e w  hour s )  f l a r e  p r e d i c t i o n .  
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3 .  Determination of optimum trajectories. 
0 Adequate physical and/or magnetic shielding. 
Such studies will lead to a better understanding of radiation effects 
on the CNS and will have a great impact on radiation therapy of patients 
with malignant tumorsl and on the protection required for operators of 
nuclear equipment. 
I11 Maanetic Fields 
111.1 Environmental Levels: 
In travelling into outer space, astronauts will leave not only the 
Earth's gravitational field, but also it's familiar geomagnetic environ- 
ment. 
zero-g on humans have now been proven largely unfounded. Where dangers 
still exist (e.g., cardiovascular deconditioning) protective measures 
can be taken. However, very little is known about the effect of a chancre 
in the magnetic environment on humans. Orbital flights have so far kept 
astronauts within the Earth's geomagnetic field. Fortunately, unlike the 
zero-g environment, it is possible to create various magnetic environ- 
ments in limited volumes on the Earth. With the aid of special coils 
or shielding materials, such systems can be used to studv the possible 
effects of magnetic conditions along different parts of future space 
flight trajectories. 
Previous fears concerning the possible detrimental effects of 
Among the various magnetic environmental levels to be encountered 
are those in the Earth's own field, in interplanetary space, and on or 
near the planetary destination sites. The Earth's magnetic field is 
close to that of a dipole for 3 to 7 earth radii (Re) with a level of 
roughly 0.5 gauss at the surface. However, at greater distances it 
becomes grossly distorted by the solar wind as it gradually decreases in 
intensity. It has a blunt spherical nose at approximately 10 Re on an 
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Earth-sun line and a long comet-like tail away from the sun that extends 
almost halfway to the moon, to more than 20 Re (Ref. 43, 52). 
other hand, the interplanetary field appears to be less than 10 gamma* 
and measurements indicate probably less than 100 gamma on approach to 
moon impact and during flyby of Mars and Venus (Ref. 13, 15, 48, 49). 
On the 
Furthermore, the immediate magnetic environment of a space crew will 
depend on the magnetic properties of their craft and its circuitrv, on 
whether strong fields will be generated as radiation protection (Ref. 
24, 31, 45), and on possible future uses of maqnetohydrodynamic propulsion, 
111.2 Effects on the CNS:  
Since man has evolved in the Earth's qeomagnetkc environment, it is 
plausible to assume that removinq him from this environment could have 
some detrimental effects. Whether the resulting damage would be rever- 
sible and/or negligible remains to be seen. Magnetobiologists have loncr 
studied the effects of magnetic fields on plant and cellular growth. 
However, we will limit ourselves here to a review of observed chanyes in 
the central nervous system when exposed to either very strona or verv 
weak magnetic fields, as compared with the Earth's field, since these 
are possible environmental levels during space fliqht. 
Workers in nuclear physics laboratories often reported brief 
exposures to as much as 20,000 gauss with no ill effects. This led to 
the conclusion that humans could tolerate brief exposures to hiah inten- 
sity magnetic fields with no apparent cumulative effects (Ref. 7). As 
early as 1896, it was observed that placing a man's head in a maqnetic 
field could lead to the production of phosphenes (luminous sensations) 
(Ref. 62). This effect has again been more recently observed, usinq both 
d.c. and a.c. magnetic fields with intensities from a few hundred to a 
few thousand gauss (depending on the frequency). The magnetophosphene 
* 1 gamma = gauss 
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effect is reversible (at least for the short exposure times studied) and 
is probably a result of electriccurrents induced in the retina bv the 
magnetic field (Ref. 61). 
Unfortunately, the results of such brief exposures are not sufficient. 
If magnetic fields are used to shield spacecraft from ionizing radiation, 
the exposure times will be more of the order of several hours, not 
minutes. Apparently small animals can be exposed to fields as high as 
140,000 Oe for as long as 1 hour and survive with no changes in neutrophvl, 
lymphocyte or monocyte counts. Furthermore, magnetic gradients of as much 
as 500 Oe/cm do not seem to be detrimental (Ref. 8). But such observa- 
tions do not give any indication of possible changes in the central 
nervous system of these animals during the exposure periods. 
Studies have been undertaken to investigate the development of condi- 
tioned reflexes and the characteristics of EEG's of animals and primates 
while exposed to strong magnetic fields. In the case of fish and birds, 
conciPricmed reflexes to magnetic fields frce L - *% ?--st3 Oe were either verv 
weak or non-existent when compared with light or sound. However, m a y  
netic fields of 100 - 200 Oe were strong inhibitors of previously deve- 
loped conditioned reflexes (e.g., magnet and light), with the inhibitory 
effect often persisting for several minutes after magnet turn-off (Ref. 
27, 28). In terms of conditioning and performance, a magnetic field thus 
appears to have mainly a "corrective" or inhibitory effect, often 
persisting after turn-off. Experiments on "cerveau isol6" further show 
this to be the result of a direct interaction of static magnetic fields 
on the structures of the forebrain and diencephalon. 
The results of EEG experiments on rabbits and monkeys are confusino 
and contradicting. Kholodov (Ref. 28) usually observed an inhibitorv 
state in the EEG of rabbits exposed to a static masnetic field of 800  
Oe for several hours. That is, there was a significant increase in the 
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number of  s p i n d l e s  and slow high-amplitude waves, and a dec1ine.i .n t h e  
e x c i t a b i l i t y  of t h e  co r t i ca l  end of t h e  v i s u a l  ana lyze r .  However, 
depending on t h e  i n i t i a l  s ta te  of  t h e  CNS,  an o p p o s i t e  e x c i t a t o r v  
r e a c t i o n  could sometimes be observed.  On t h e  o t h e r  hand, Beischer  ( R e f .  
9 )  exposed monkeys t o  f i e l d s  as h igh  as 91, 250 O e  and always observed 
a s h i f t  i n  t h e  EEG toward h igh  ampl i tudes  and h i g h e r  f r equenc ie s .  
Though t h i s  might i n d i c a t e  an e x c i t a t o r y  s t a t e  i n  t h e  C N S ,  t h e  an ima l s '  
performance i n  a v i s u a l  d i s c r i m i n a t o r y  t a s k  p r o g r e s s i v e l y  decreased  as 
t h e  f i e l d  i n t e n s i t y  i n c r e a s e d .  A t  a f i e l d  s t r e n g t h  of 9 0 , 0 0 0  O e ,  t hey  
ceased  t o  perform t h e i r  t a s k .  T h e r e  i s  t h u s  agreement i n  t h a t  h iqh  
i n t e n s i t y  magnetic f i e l d s  have mainly an  i n h i b i t o r y  effect  on t h e  p e r f o r -  
mance and cond i t ioned  r e f l e x e s  of an imals ,  appearincr a f te r  a s i c rn i f i can t  
l a t e n t  pe r iod  (seconds o r  t e n s  of s econds ) ,  and e x h i b i t i n g  a prolonsed 
a f t e re f f ec t .  However, t h e  character of t h e  EEG does n o t  alwavs acrree 
w i t h  t h i s  conclus ion .  E i t h e r  a r t i f a c t s  are  sometimes picked up on t h e  
electrc&e$ ,%ring r eco rd ing ,  o r  t h e  magnetic f k k ?  z ? e :  n o t  a c t  d i r e c t l v  
on t h e  neurons b u t  rather on t h e  surrounding g l i a l  ce l l s  and chemical 
p rocesses .  
G l i a  a re  assumed t o  be i n t e r m e d i s r i s  between nerve  and c i r c u l a t o r v  
elements ,  t h e i r  h iqh  metabolism keepincr t h e  a c t i v i t y  of neurons a t  a 
s u f f i c i e n t  l e v e l ,  Any a c t i v a t i o n  of t h e  q l i a  causes  i n h i b i t i o n  i n  t h e  
b r a i n  ( R e f .  2 1 ) .  T o  t e s t  t h e  presence  of a g l i a l  f a c t o r  i n  t h e  CNS 
r e a c t i o n  t o  magnetic f i e l d s ,  r a b b i t s ,  cats and r a t s  w e r e  exposed up t o  
70  hours  t o  a magnetic f i e l d  of 200-300 O e .  H i s t o l o g i c a l  s t u d i e s  of t h e  
sensor imotor  c o r t e x  showed i n i t i a l l y  (1 h r .  exposure)  a sha rp  p roduc t ive  
r e a c t i o n  ( h y p e r p l a s i a  and hvper t rophy)  i n  t h e  g l i a l  e lements ,  w h i l e  t h e  
neurons remained i n t a c t .  As t h e  exposure p e r i o d  w a s  extended (10-12  
h o u r s ) ,  t h e  g l i a  remained p roduc t ive  and t h e  neurons underwent reversible 
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swe l l ing .  Longer exposure p e r i o d s  (60-70 hours )  caused p roduc t ive  
d y s t r o p h i c  damage t o  t h e  n e u r o q l i a  and dys t rophy i n  t h e  nerve  ce l l s  
(Ref e 2 8 ,  Chapter  9 )  e 
I t  would t h u s  appear  t h a t  t h e  e f f e c t  of a h iqh  i n t e n s i t y  masnet ic  
f i e l d  on t h e  b r a i n  i s  r e a l i z e d  p r i m a r i l v  through changes i n  t h e  meta- 
bol ism of  g l i a l  cells. Many of t h e  observed effects  of a magnetic f i e l d  
on t h e  CNS can  be  exp la ined  by t h i s  i nc reased  metabolism i n  t h e  n e u r o a l i a .  
The observed lonu l a t e n t  pe r iod  of t h e  r e a c t i o n  t o  a maqnetic f i e l d  
i n d i c a t e s  t h a t  t h e  neurons cannot  be d i r e c t l y  a f f e c t e d  s i n c e  t h e i r  l a t e n t  
pe r iod  i s  i n  t h e  o r d e r  of m i l l i s e c o n d s .  H o w e v e r ,  i n h i b i t i o n  of t h e  neu- 
rons  v i a  chanqes i n  t h e  metabolism of t h e  neu rog l i a  would e x h i b i t  t h e  
r e q u i r e d  l a t e n t  p e r i o d s  and a f t e r  e f f e c t .  Th i s  i s  supported by t h e  f a c t  
t h a t  t h e  g l i a  are t h e  f i r s t  t o  show morpholos ica l  changes du r inq  exposure 
t o  magnetic f i e l d s  o f  t h e  o r d e r  of  hundreds of o e r s t e d s .  I n  t h e  case o f  
magnetic f i e l d s  of t e n s  of thousands of o e r s t e d s  , more exper imenta l  work 
i s  r e q u i r e d  t o  varlFy-+tinat t h e  EEG i s  t r u l y  synchronized a t  kk?. k e q u e n -  
cies and i f  so  whether ano the r  mechanism from t h a t  above would be  respon-  
s i b l e  f o r  such a r e a c t i o n  a t  t h e s e  h i a h e r  f i e l d  i n t e n s i t i e s .  
The e f f e c t s  of  t h e  near-absence of a ~~WLGC fie%& on t h e  CNS are 
r e l a t i v e l y  unknown, though t h i s  i s  t h e  environment a s t r o n a u t s  w i l l  most 
l i k e l y  spend most of  t h e i r  t i m e  i n  d u r i n g  i n t e r p l a n e t a r y  space  f l i q h t s .  
Beischer  exposed men i n  an 8 '  x 8 '  x 8 '  room t o  a f i e l d  less than  50  
gamma (Ref.  5 ,  1 0 ) .  The confinement of t h e  s u b j e c t s  began 6 days p r i o r  
t o  exposure ( i t s e l f  1 0  days)  and ended 5 days a f t e r  magnet t u r n - o f f .  
Except f o r  t h e  normal t r e n d s  expected d u r i n g  a 2 1  day confinement p e r i o d ,  
a l l  p h y s i o l o g i c a l  measurements remained normal (EEG, EKG,  blood pressur-, 
e t c . ) .  S i m i l a r l y ,  v i s u a l  and psychophys io los ica l  tests showed i n  
g e n e r a l  no u n u s u a l  e f f e c t s  of t h e  n u l l  f i e l d .  The c r i t i c a l  f l i c k e r  
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fusion frequency (CFF) of the subjects was the only measure that chancred 
in correlation with the magnetic field change.. In fact, the CFF was 
observed to decrease gradually and continuously after the null field was 
generated, and to revert abruptly to its pre-exposure value upon the return 
of the normal geomagnetic environment. However, the exact seat of this 
magnetic effect in the visual pathways is unknown. The null field miaht 
induce the formation of defective protein in the photoreceptor cells, 
or cause inhibition anywhere else along the visual pathway or cortex. 
111.3 Conclusions and Recommendations: 
Present available data suggests caution in prolonged human exposure 
to either low field or high field environments. Further loncr-term 
experiments, especially with primates, are required to determine 
1. The mechanism of the magnetic effect. 
2 .  Maximum permissible field intensities and exposure durations, 
if warranted, 
Accurate measurements are also needed of 
1. Magnetic environment in the spacecraft. 
2. Magnetic field levels at proposed planetary landinu sites. 
Further research on synergistic effects should also be of interest, such 
as 1. Magnetic pretreatment to reduce radiosensitivity (Ref. 4) or 
increase lifespan of tumour bearing mice (Ref. 2 3 ) .  
Possible application of magnetic field to induce sensation of -2. 
gravity via paramegnetic oboliths (Ref. 5 ) .  
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